We present a parametric model of an isothermal photoevaporating wind from a Keplerian disk around a young massive star. The wind is produced by high-energy photons (h > 13:6 eV ) from the massive central star that ionize and heat the material of the circumstellar disk, as discussed several years ago by Hollenbach and coworkers. The model gives the velocity and density structure of the ionized winds. Because of its simplicity, it is very useful to explore the physical conditions of this type of wind. The model can also describe the photoevaporation of disks around low-mass young stars. We obtain the free-free continuum emission of the photoevaporated flows and compare with the spectral energy distribution of the known bipolar sources MWC 349 A and NGC 7538 IRS 1.
INTRODUCTION
The photoevaporation of circumstellar disks around massive stars occurs when the disk is ionized and heated by the Lyman continuum photons from the star. A relevant parameter for the dynamical behavior of these winds is the gravitational radius, r g GM Ã =a 2 $ 10 15 M 10 cm, where G is the gravitational constant, M Ã is the mass of the central star, a is the sound speed of the ionized gas ($10 km s À1 ), and M 10 ¼ M Ã =10 M . Within this radius, r P r g , the heated gas is confined in the gravitational potential well of the star, producing a static ionized dense atmosphere with a temperature T $ 10 4 K. For r > r g , the ionized gas can escape and an isothermal evaporative flow is established. Hollenbach et al. (1994, hereafter H94) studied semianalytically the photoevaporation of these disks. They calculated the transfer of ionizing photons and determined the mass-loss rates of the photoevaporated winds. H94 found that the Lyman continuum flux from the star maintains the ionization of the upper atmosphere but is efficiently attenuated toward the disk; instead, it is the diffuse ionizing radiation produced by recombinations to the ground state that maintains the ionization at the base of the disk. The static atmosphere will exist if the wind of the star is weak. If the star has a strong stellar wind, the wind sweeps away the static dense atmosphere up to a critical radius, r w ¼ 10 16Ṁ 2 wÀ6 v 2 w8 À1 49 cm, where the ram pressure of the stellar wind equals the thermal pressure of the photoevaporated flow. In the latter expressionṀ wÀ6 is the stellar mass-loss rate in units of 10 À6 M yr À1 , v w8 is the wind speed in units of 10 8 cm s À1 , and 49 is the rate of ionizing photons in units of 10 49 s À1 . Yorke & Welz (1996) and Richling & Yorke (1997) carried out hydrodynamical simulations of the evolution of photoevaporated disks under a variety of conditions. In particular, Richling & Yorke (1997) found that scattering of ionizing photons on dust grains increases the photoevaporation rate.
To explain the problem of the large number of ultracompact (UC) H ii regions in our Galaxy ( Wood & Churchwell 1989) and their short dynamical ages, $5 ; 10 3 yr, H94 proposed that UC H ii regions, particularly those unresolved or with core/ halo morphologies, correspond to photoevaporating disks. The ionized material flows away but is constantly replenished by the photoevaporation of the disk, lengthening the ultracompact phase of UC H ii regions to $10 5 yr. Recently, Shu et al. (2002) found self-similar models of ''champagne flows,'' namely, ionized regions formed in clouds with steep density gradients where a shock accelerates the gas to supersonic speeds (v $ 3a) . They showed that their emission measure (EM) rapidly declines with time below the range of classification as UC H ii regions (10 6 cm À6 pc P EM P10 8 cm À6 pc). They noted that UC H ii regions with high emission measures are unlikely to correspond to champagne flows, unless mass injection by photoevaporating disks around the central massive star could maintain the EM within the high observed values.
The process of photoevaporation occurs also in disks around low-mass stars. Proplyds in Orion have been explained as disks around low-mass stars that are evaporated by the ionizing radiation from the nearby Trapezium stars, the main exciting source being the most massive star, 1 Ori C (e.g., Henney et al. 1996; Johnstone et al. 1998; Störzer & Hollenbach 1999) . Johnstone et al. (1998) showed that photoevaporative flows are dominated by either extreme-ultraviolet ( EUV ) photons (h > 13:6 eV) or far-ultraviolet ( FUV ) photons (6 eV < h < 13:6 eV) depending on the distance to the source of ionizing photons. In EUV-dominated flows, the Lyman continuum photons reach the disk surface and determine the mass-loss rate. In FUV-dominated flows, the longer wavelength photons reach the disk surface and form a photodissociated region ( PDR), which consists of a supersonic neutral flow with v $ 2 6 km s À1 leaving the disk, a shock, and a thick layer of neutral gas that ends at the ionization front. Thus, the ionization front is detached from the disk as observed in several proplyds. García-Arredondo et al. (2002) have studied the mass loading of the stellar wind of 1 Ori C by the photoevaporation of proplyds. Finally, it is interesting to note that the low rate of ionizing photons from low-mass young stars themselves (10 40 -10 41 s À1 ) provides an effective dispersal mechanism in protoplanetary disks for radii greater than r g $ 10 AU (Shu et al. 1993) . These photoevaporative flows have been invoked to explain the lowvelocity components observed in the forbidden line spectra of low-mass T Tauri stars ( Font et al. 2004 ).
In this work we model the density and velocity structure of axisymmetric isothermal winds photoevaporated from a spatially thin Keplerian disk. In xx 2-4 we discuss the models in the context of the photoevaporation of disks around massive stars. Nevertheless, it is important to mention that our models can also be applied to the photoevaporation of disks around low-mass stars. In x 5 we compute the free-free continuum emission predicted by these models to compare with the spectral energy distribution (SED) of two well-known massive sources suspected of harboring a photoevaporated disk and obtain physical characteristics of these winds. In x 6 we summarize our results.
DISK WIND EQUATIONS
We assume a thin axisymmetric disk at z ¼ 0. In steady state, in cylindrical coordinates ($, , z), the photoevaporated disk wind is governed by the continuity equation
and the three components of the momentum equation
where is the mass density and v $ , v , and v z are the velocity components in the$-,-, andẑ-directions, respectively. We assume that the ionizing photons from the star will evaporate material from the disk and heat it to T $ 10 4 K. Thus, the isothermal pressure is
where a 2 ¼ kT =m H , k is the Boltzmann constant, is the mean molecular weight, and m H is the proton mass. We ignore the disk self-gravity and consider only the stellar gravitational potential given by
We follow Blandford & Payne (1982) and choose the nondimensional height and streamline shape function ($ 0 , ) such that the cylindrical coordinates are
where $ 0 is the streamline radius at the disk surface, i.e., ($ 0 ; 0) ¼ 1. We write the normalized velocity components as
where 0 ¼ @=@. We assume that theẑ velocity of injection of the photoevaporated wind at the disk surface has the constant value, i.e., F($ 0 ; 0) ¼ f 0 . We take G($ 0 ; 0) ¼ 1 and assume that the material at the disk surface is in centrifugal balance with the stellar gravity, i.e., g($ 0 ) ¼ 1=2 0 , where 0 r g =$ 0 . Finally, we define the density as
where N ($ 0 ; 0) ¼ 1, n($ 0 ) is the number density of electronproton pairs injected at the disk surface, and the mean molecular weight is ¼ 1:3. The differential transformations in terms of the new variables ($ 0 , ) are given by
In terms of the new functions, the continuity equation can be integrated as
and the equation for the azimuthal velocity can also be integrated as
The latter expression states that the angular momentum in thê
1=2 , is conserved. Finally, the equations for the$ andẑ velocity components become, respectively,
and
where equation (14) was used.
The solution of equations (15), (16), and (13) gives an exact solution of the wind problem in terms of the new variables ($ 0 , ). In order to obtain a simpler set of equations, we make some further assumptions.
H94 solved the transport of ionizing photons in the photoevaporating wind and found the disk mass-loss rate, which is determined by the flux of ionizing photons that reach the disk surface. Assuming a D-critical ionization front, i.e., v z ¼ a, they found a power-law dependence for the density at the disk surface, n($ 0 ) / $ À 0 with 2 < < 2:5, the low value of corresponding to the weak wind case and the high value to the strong wind case. Assuming this power-law behavior of the electronion pair number density at the disk surface implies in the above equations that the logarithmic derivative, @ ln n=@ ln $ 0 ¼ À, is constant. Furthermore, we ignore the cross terms @ ln =@ ln $ 0 and @ ln N =@ ln $ 0 . With these assumptions, the equations become a simpler set of coupled differential equations with only derivatives, for the functions , F, and N. We show a posteriori that our simplified equations are good approximations, i.e., that the neglected cross terms are small in comparison with the terms that have been taken into account.
PARAMETRIC EQUATIONS
With the simplifications discussed at the end of the previous section, and substituting equation (13) into equations (15) and (16), one obtains the set of coupled differential equations
where b ¼ À 0 and all the derivatives are done with respect to . For each streamline, these equations, together with the subsidiary equation @=@ ¼ 0 , can be integrated as ordinary differential equations to obtain the nondimensional functions , 0 , and F. We call these equations parametric because there is a solution for each different value of the parameter 0 ¼ GM Ã =a 2 $ 0 . From now on, we use 0 instead of $ 0 to label the streamlines.
The boundary conditions at ¼ 0 are
where 0 ¼ 0 means that the streamline is perpendicular to the disk surface, although other values of 0 > 0 are allowed.
SOLUTIONS
In this section we discuss solutions of our model. We focus the discussion on three different sets of model parameters, chosen such that they closely reproduce the observational characteristics of astrophysical objects (see x 5). The values of the model parameters are summarized in Table 1 . The second, third, and fourth columns give, respectively, the gravitational radius, r g , the power-law exponent of the density at the disk surface, , and the nondimensionalẑ velocity at the disk surface, f 0 . The Appendix shows that our equations do not allow the gas to be injected at the sound speed ( f 0 ¼ 1). Thus, we assume that the injection velocity of the particles at the disk surface is subsonic, f 0 < 1, i.e., a weak D-type ionization front. Figure 1 shows that the streamlines bend with respect to the vertical and become radial very quickly, such that, for 31, the slope of the streamlines, 1/ 0 , tends to a constant value. This slope is proportional to the injection velocity. In addition, the models with smaller have smaller streamline slopes than models with larger .
The top panel of Figure 2 shows in logarithmic scale the nondimensional density, N, as a function of the nondimensional spherical radius, s ( 2 þ 2 ) 1=2 , for different streamlines of model 1 with 0:5 < 0 < 2.
The dotted line has a slope m ¼ À ¼ À2. Along each streamline, the nondimensional density is a power law of the nondimensional spherical radius, N ! s À . As a consequence, the density defined by equation (11) is a power law of spherical radius, r ¼ (
where n 0 is the density normalization, such that n($ 0 ) ¼ n 0 0 . This behavior was already pointed out by Blandford & Payne (1982) .
The bottom panel of Figure 2 shows the square of the nondimensional poloidal speed, (v p =a) 2 ¼ F 2 ( 02 þ 1), as a function of the natural logarithm of the nondimensional spherical radius, ln s, for the same streamlines as in the top panel. The dotted line has a slope m ¼ 2 ¼ 4. In fact, as in the spherical isothermal wind, Bernoulli's equation implies that, along each streamline, (v p =a) 2 ! 2 ln ( À1 0 s) ¼ 2 ln (r=r g ), for large spherical radii. A characteristic of these winds is that their speeds are just a few times the sound speed of the ionized gas, a. For distances as large as r=r g $ 150 1100, i.e., ln ( À1 0 s) $ 5 7, the value of v p is of the order of 4.5a. In order to evaluate the importance of the cross terms that were neglected in our parametric equations (see discussion at the end of x 2), we calculate these terms for different streamlines of model 1.
The highest values of the neglected derivatives, @ ln =@ ln $ 0 and @ ln N =@ ln $ 0 , occur for the innermost streamlines. As 0 decreases, the functions and F rapidly tend to the solution with ¼ 0; thus, these cross terms rapidly go to zero. For model 1 and a streamline with 0 ¼ 2, the top panel of Figure 3 shows that the magnitude of the cross term @ ln N =@ ln $ 0 is small, not only with respect to @ ln n=@ ln $ 0 ¼ , but also with respect to the derivative @ ln N =@ ln . These terms appear in equation (15). The bottom panel of Figure 3 shows that the magnitude of the cross term @ ln =@ ln $ 0 is small compared to 1. It also shows that the magnitude of the cross term 0 (@ ln N =@ ln $ 0 ) is small with respect to that of the derivative (@ ln N =@ ). These terms appear in equation (16). Thus, our simplified model indeed takes into account the dominant terms of the equations. We find that depending on the parameters of the models (, f 0 ), our equations are valid up to 0 $ 2 3, when the magnitude of the derivative, @ ln N =@ ln $ 0 , becomes $0.1, which we arbitrarily set as a maximum tolerable value. A relaxation method might be used to introduce the neglected cross terms into an exact solution, but this is beyond the scope of this paper.
As discussed above, the limiting factor for solutions to be valid is the magnitude of the cross terms that were neglected in our simplified equations. Empirically, we find that for each value of there is a maximum value of f 0 for solutions to exist. This maximum value of f 0 decreases with increasing such that it goes to zero as goes to 2.5. Finally, the Appendix shows that in the parametric equations the sonic transition occurs at > 0 and is not a critical point of the equations; i.e., the equations are hyperbolic.
COMPARISON WITH OBSERVED SOURCES
In this section we present calculations of the free-free continuum emission expected to arise from the density structure of our disk wind models, in order to compare with spectra of observed sources suspected of harboring a photoevaporating disk. The purpose of this comparison is to assess whether or not the spectra of these sources can be explained in terms of photoevaporated disk winds and to obtain the physical parameters of such winds. For simplicity, we consider only winds from disks perpendicular to the plane of the sky (the symmetry axis on the plane of the sky). This approximation is good enough for the sources we want to compare to. Since we assume an isothermal wind, the intensity at frequency is given by
where B (T ) is the Planck function at temperature T (=10 4 K) and is the free-free optical depth ¼ R A () ds, where s is the path length along the line of sight. The free-free opacity is given by
where e and m e are, respectively, the charge and mass of the electron, h is the Planck constant, c is the speed of light, and g ff is the Gaunt factor. The flux density at frequency is given by the integral over source solid angle, S ,
To calculate the model SEDs from radio to optical frequencies, we interpolate the g ff from the tables of Hummer (1988) . As discussed in x 3, the models of the photoevaporated disk winds depend on several parameters. The solutions depend on the slope of the density profile, , on the value of the normalized z velocity at the disk surface, f 0 , and on the value of the parameter 0 . For a given gravitational radius, the parameter 0 ¼ r g =$ 0 labels each streamline. Given the nondimensional density, N, to obtain the density of the wind, one has to specify its value at the disk surface, n( 0 ) ¼ n 0 0 (see eq.
[11]). Furthermore, to obtain the free-free emission, we need to specify the wind's inner radius, R 1 , and the disk radius, R d , which determine the range in which streamlines are built at the surface of the disk (R 1 $ 0 R d ). In addition, the photoevaporated wind free-free emission will be proportional to the disk mass-loss rate,Ṁ d , given bẏ
Now we discuss the effects produced on the free-free spectra by changing different parameters of the models. For this purpose we consider model 1 as a reference model, with R 1 ¼ 85 AU, R d ¼ 300 AU, and n 0 ¼ 5 ; 10 6 cm
À3
. To calculate the model free-free spectrum, we assume that the source is at a distance of 1.2 kpc. We consider the effect of varying one parameter at a time. The top left panel of Figure 4 shows the changes in the spectra due to changes in the inner radius. As R 1 decreases, the emission increases and the frequency of turnover to the optically thin regime becomes higher. This happens because the most inner streamlines have the highest density since n( 0 ) / 0 . The top right panel of Figure 4 shows the effect of changing the disk radius, R d . The emission increases as R d increases, although there is not much flux coming from streamlines beyond 700 AU. The bottom left panel of Figure 4 shows that increasing f 0 increases the emission because the density increases (see eq.
[13]). The bottom right panel of Figure 4 shows the effect of changing . For this set of models we used f 0 ¼ 0:07 because this is the maximum value allowed for models with ¼ 2:2. The change of the slope of the emission at radio wavelengths, due to the density dependence N ¼ s À , discussed in x 4 is clearly seen in this panel.
In what follows we discuss the modeling of the SED of two well-known bipolar sources, suspected of harboring a photoevaporated disk: MWC 349 A and NGC 7538 IRS 1.
MWC 349 A
MWC 349 A, the brightest radio source in the sky, is a member of a binary system at a distance of 1.2 kpc. MWC 349 A is a Be star with a luminosity L $ 3 ; 10 4 L and a rate of ionizing photons > 10 48 s À1 (Cohen et al. 1985) . MWC 349 B (at a distance of 2B4, $2880 AU) is classified as B0 III. An arc of enhanced radio emission shows the interaction between winds from the two stars (Cohen et al. 1985; Tafoya et al. 2004 ). The continuum spectrum of MWC 349 A exhibits a power-law behavior S / 0:6 from 90 cm to $100 m (e.g., Harvey et al. 1979; Dreher & Welch 1983) . The high angular resolution centimeter maps show a bipolar morphology ( White & Becker 1985; Cohen et al. 1985; Martín-Pintado et al. 1993; Tafoya et al. 2004) . Using infrared speckle interferometry, Leinert (1986) inferred the presence of a hot dusty disk with a size $100 AU. Using the Keck I telescope, Danchi et al. (2001) obtained spectacular near-IR disklike images with R $ 44 75 AU. Unfortunately, the astrometry of the latter work is not adequate to securely put this disk emission at the center of the source. Hamann & Simon (1986) found near-IR double-peaked emission lines they interpreted as arising from both the ionized flow and neutral material from a rotating disk. Radio recombination lines indicate a terminal velocity in the ionized flow of v $ 25 50 km s À1 , whereas radio continuum observations indicate a mass-loss rate ofṀ w $ 10 À5 M yr (e.g., Altenhoff et al. 1981; Hartmann et al. 1980; Dreher & Welch 1983) . Masing hydrogen radio recombination lines ( RRLs) at centimeter and millimeter wavelengths have been interpreted as coming from a disk radius $30 AU with n $ 10 7 cm À3 (e.g., Martín-Pintado et al. 1989 , 1993 Gordon 1992 Gordon , 2003 Planesas et al. 1992; Thum et al. 1992) . From observations of the H92 RRL emission with angular resolution, Rodríguez & Bastian (1994) proposed that the observed velocity field can be explained by an ionized rotating and expanding envelope. Far-infrared recombination lines also show stimulated emission (e.g., Strelnitski et al. 1996) . Figure 5 shows the SED of MWC 349 A. The data points correspond to observations reported in the literature from 21 cm to U wavelengths (0.36 m). These data are summarized in Table 2 . We model the free-free emission from this source as arising from two components: a photoevaporated disk wind and a hydrostatic atmosphere close to the star, which corresponds to the weak-wind case discussed by H94. The solid line corresponds to the results of the model with the best fit to the spectrum shortward of 300 GHz. The dotted line corresponds to the emission of the photoevaporated disk wind alone, with the parameters of model 1. The value of r g (=151 AU ) corresponds to that of a star with M Ã ¼ 17 M . This star has a mainsequence luminosity L ¼ 3 ; 10 4 L according to the stellar structure models of Schaller et al. (1992) . The wind's inner radius and the disk radius are 85 and 300 AU, respectively. The wind density at the disk surface is given by n($ 0 ) ¼ n 0 2 0 , where n 0 ¼ 5:0 ; 10 6 cm À3 . The dot-dashed line corresponds to the emission of the hydrostatic atmosphere located between R a < r < R 1 , where the atmosphere's inner radius is R a ¼ 6:6 AU. The density of this atmosphere is given by n(r; z) ¼ n 1 (r=R 1 ) À3=2 exp (Àz 2 =2H 2 ), where n 1 ¼ 3:5 ; 10 6 cm À3 and the scale height is H ¼ r g (r=r g ) 3=2 (see H94). The emission of this dense atmosphere is required to maintain the ionized material optically thick up to $1 mm. The disk mass-loss rate of this model, given by equation (24), is 2:8 ; 10 À6 M yr À1 . As expected, the density power law, / r À2 (eq.
[20]), produces a power-law emission with S / 0:6 (e.g., Panagia & Felli 1975) . Such a decreasing density profile produces envelopes that are partially optically thick, such that the surface of $ 1 increases with decreasing frequency. The resulting frequency-size dependence for MWC 349 A, / À0:7 , was recently measured by Tafoya et al. (2004) , confirming the presence of a wind. The excess emission (with respect to the free-free emission) observed at far-and mid-infrared wavelengths is most likely due to dust emission. Since MWC 349 is not embedded inside a molecular cloud, the dust emission must come from either the circumstellar disk itself or dust embedded inside the ionized disk wind. We are currently in the process of modeling this far-and mid-infrared dust emission and have found that the most likely source is hot dust within the disk wind itself.
Being at the distance of 1.2 kpc, one expects an interstellar extinction at optical wavelengths, A V $ 2, toward MWC 349 A (e.g., Vergely et al. 1997) . The model spectrum has been attenuated according to the optical and infrared analytic fit to the interstellar extinction law given by Cardelli et al. (1989) , with an optical total-to-selective extinction ratio R ¼ A V =E(B À V ) ¼ 3:2. Figure 5 shows that an interstellar extinction, A V $ 2, is barely enough to decrease the model emission within the observational values at B and U bands. Any dust within the photoevaporated wind will also attenuate the free-free emission at these high frequencies. Thus, we leave this problem to the self-consistent calculation that includes dust emission and absorption.
NGC 7538 IRS 1
NGC 7538 consists of a cluster of H ii regions in different stages of development located at 2.8 kpc (Blitz et al. 1982) . It has three compact dust-embedded H ii regions, referred to as NGC 7538 IRS 1, IRS 2, and IRS 3 ( Martin 1973; WynnWilliams et al. 1974 ). NGC 7538 IRS 1 is a UC H ii region with a size less than 2 00 and a bipolar morphology (e.g., Campbell Table 2 . The squares denote data obtained with low angular resolution observations ( beam > 12 00 ). The solid line corresponds to the free-free emission from a model of a photoevaporated disk wind and a hydrostatic atmosphere that best fitted the spectrum shortward of 300 GHz. The dotted line shows the emission of the photoevaporated disk wind alone (with the parameters of model 1; see Table 1 ), and the dot-dashed line shows the emission of the hydrostatic atmosphere alone (see parameters in text). We assumed an attenuation A V ¼ 2.
1984; Turner & Matthews 1984; Gaume et al. 1995) . The exciting source has a luminosity L > 8 ; 10 4 L , a spectral type earlier than O7.5, and a rate of ionizing photons > 10 48 s
À1
(e.g., Hackwell et al. 1982; Akabane et al. 2001) . NGC 7538 IRS 1 is surrounded by millimeter and submillimeter dust emission (e.g., Scoville et al. 1986; Woody et al. 1989; Akabane et al. 1992 Akabane et al. , 2001 Momose et al. 2001) and by dense and warm molecular gas, which has been observed in emission in HCN ( Pratap et al. 1989 ) and in absorption in NH 3 (3, 3) lines ( Henkel et al. 1984) . It is also associated with a highvelocity molecular outflow and an elongated 13 CO large-scale flattened structure, orthogonal to the outflow symmetry axis, with a diameter of $60,000 AU and oriented in the east-west direction (e.g., Campbell & Thompson 1984; Scoville et al. 1986 ). Several maser species have been detected toward this source (OH, H 2 O, H 2 CO, CH 3 OH, and NH 3 ) coming from the interface between the ionized and molecular gas (e.g., Downes & Wilson 1974; Dickel et al. 1982; Forster et al. 1982; Norris et al. 1982; Kameya et al. 1990; Rots et al. 1981; Menten et al. 1988; Madden et al. 1986 ). VLBI observations of methanol masers show a linear structure with a velocity gradient indicative of a Keplerian disk seen edge-on ( Minier et al. 1998 ( Minier et al. , 2000 . The methanol maser emission has been recently modeled as arising from such a disk by Pestalozzi et al. (2004) . High-resolution observations of the H66 RRL show an extremely wide line profile, Áv FWZI $ 250 km s À1 , interpreted as a slow stellar wind with a velocity v $ 300 km s À1 (Gaume et al. 1995) . Recently, Franco-Hernández & Rodríguez (2004) found a decrease in the centimeter emission of the lobes (of order 20%-30%) over an interval of 11 yr, which they interpret as being due to an increase in the absorption of ionizing photons in the core region. In this respect, it is interesting to note that Hollenbach has suggested that inhomogeneities (clumps) in the photoevaporation process could produce time variability observed in RRLs (quoted in Gordon 2003) . Figure 6 shows the SED of NGC 7538 IRS 1. The data points are observations reported in the literature from 18 cm to U wavelengths (0.36 m). These data are summarized in Zoonematkermani et al. 1990 ; (6) Wink et al. 1982 ; (7) Hjellming et al. 1973; (8) Cohen et al. 1985 ; (9) Table 3 . We model the free-free emission from this source as fully arising from a photoevaporated disk wind, which corresponds to the strong-wind case discussed by H94. The dotted line corresponds to the model emission from a disk wind with the parameters of model 3. The value of r g (=267 AU ) corresponds to that of a star with M Ã ¼ 30 M . This star has a main-sequence luminosity L ¼ 10 5 L according to the stellar structure models of Schaller et al. (1992) . The model has a wind's inner radius of R 1 ¼ 115 AU and a disk radius of R d ¼ 500 AU. The inner radius would correspond to the critical radius, r w , mentioned in x 1, for a slow stellar wind with v w $ 300 km s À1 andṀ w $ 1 ; 10 À6 M yr À1 . The wind density at the disk surface is given by n($ 0 ) ¼ n 0 2:3 0 , where n 0 ¼ 2:2 ; 10 7 cm À3 . The disk mass-loss rate of this model, given by equation (24), is 1:1 ; 10 À5 M yr À1 . For this source the power-law density, / r À2:3 (eq.
[20]), produces a steeper power-law emission, S / 0:8 . In fact, given the dispersion in the observed fluxes, this source can also be fitted with similar models with 2:1 2:3. Since the source is immersed within a dense molecular cloud, the photoevaporated wind was considered to have a finite size $ 2B5. Thus, for P 3 GHz all the wind material is completely optically thick and the spectrum tends to S / 2 . As discussed above, NGC 7538 IRS 1 is embedded in a dense molecular cloud. Thus, the model spectrum has been attenuated according to the optical and infrared analytic fit to the interstellar extinction law given by Cardelli et al. (1989) , with a visual extinction A V ¼ 17 and an optical total-toselective extinction ratio R ¼ A V =E(B À V ) ¼ 3:2. In addition, one expects dust emission at far-and mid-infrared wavelengths from the surrounding molecular gas. To illustrate this, the dotdashed line in Figure 6 corresponds to the modified blackbody dust emission, Beichman et al. (1988) .
References.-(1) Dickel et al. 1982 ; (2) Gaume et al. 1995; (11) Henkel et al. 1984; (12) Akabane et al. 1992; (13) Pratap et al. 1989; (14) Pratap 1990; (15) Steppe et al. 1993; (16) Odenwald et al. 1992; (17) Scoville et al. 1986; (18) Woody et al. 1989; (19) Pratap et al. 1992; (20) Chini & Krugel 1986; (21) Werner et al. 1979 ; (22) Table 3 . The squares denote data obtained with low angular resolution observations ( beam > 12 00 ). The dotted line corresponds to the emission of the photoevaporated disk wind that best fitted the SED shortward of 200 GHz (with the parameters of model 3; see Table 1 GHz) 1:3 , valid for millimeter wavelengths. As discussed for the case of MWC 349 A, the emission at near-IR and optical wavelengths could come from dust embedded in the ionized disk wind.
Comments and Cavv eats
It is worthwhile at this point to discuss some of the assumptions made in our photoevaporated wind model. Given a mass injection at the disk surface, we solve for the wind dynamics. We do not solve for the transport of the ionizing radiation to determine the particle flux at the disk surface (as H94 did, assuming the wind dynamics). This could be done in an iterative fashion: given a particle flux at the disk surface, one can use the corresponding parametric solutions to calculate the transport of the ionizing radiation to determine a new particle flux at the disk surface. The only constraint is that the particle density at the disk surface has to be smoothed to a power law, n( 0 ) / 0 , as required by the parametric equations. Our disk winds are thermal winds, driven by pressure gradients. We do not take into account acceleration of the gas due to radiation pressure on absorption lines or on dust embedded in the wind, which will be deferred for a future study. Furthermore, we do not follow the disk evolution subject to photoionization and viscous accretion/spreading (e.g., Clarke et al. 2001; Matsuyama et al. 2003) but instead treat the disk as a source of mass. For the typical mass-loss rates expected in photoevaporating disksṀ $ 10 À5 M yr À1 , disks around massive stars more massive than 1 M could sustain photoevaporative flows for timescales Át > 10 5 yr. As discussed earlier in this section, one important aspect for comparison with observed SEDs is the contribution of dust embedded in the wind at far-and mid-IR wavelengths. We are currently modeling this dust emission including a total freefree plus dust opacity in the integration of the intensity along the line of sight.
SUMMARY
We have presented axisymmetric models of winds photoevaporating from a Keplerian thin disk around a massive star. The model parameters are the gravitational radius, r g , the power-law exponent of the density at the disk surface, , and the injection velocity at the disk surface, f 0 . The equations are solved for each streamline, defined by the value of the parameter 0 ¼ r g =$ 0 . The models can also describe the photoevaporation of disks around low-mass young stars either immersed in an ionizing photon field of a neighboring massive star or subject to the relatively low rate of ionizing photons of the low-mass star itself.
The solution for each streamline depends on the value of the parameter 0 ¼ r g =$ 0 , where $ 0 is the streamline radius at the disk surface. The models are very simple to construct and can be used to compare with observed sources and infer the physical conditions of photoevaporated disk winds. We applied these models to two well-known bipolar UC H ii regions.
The SED of MWC 349 A for < 300 GHz is very well fitted by a model of a photoevaporated disk wind with a hydrostatic atmosphere close to the central star. The best fit is provided by a model with a gravitational radius of 151 AU and a photoevaporated disk wind with a wind density at the disk surface with a power-law exponent of 2 and a density normalization of 5:0 ; 10 6 cm À3 . The disk radius is 300 AU and the wind's inner radius is 85 AU. A dense hydrostatic atmosphere with an inner radius of 6.6 AU is required to maintain the ionized material optically thick up to $1 mm.
The SED of NGC 7538 IRS 1 for < 200 GHz is well fitted by a model of a photoevaporated disk wind, with a gravitational radius of 267 AU, a wind's inner radius of 115 AU, a disk radius of 500 AU, a wind density at the disk surface with a power-law exponent of 2.3, and a density normalization of 2:2 ; 10 7 cm À3 . We find that the process of photoevaporation of disks around massive stars can produce spectral signatures up to frequencies as high as 1 mm. Thus, to distinguish the free-free emission from the photoevaporated material from the dust emission of the circumstellar disk itself, one needs high-resolution observations over a wide range of frequencies, in particular, at k < 1 mm. Observations with the recently available Submillimeter Array will help to better understand the nature of this type of source.
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APPENDIX CRITICAL POINTS OF THE PARAMETRIC EQUATIONS
The parametric equations (17) and (18) 
where
given
This system of linear equations can be solved using Cramer's method as 00 ¼ Á 00
In a critical point, the denominator is Á ¼ 0. This implies that
which explicitly means that
Using equation (A9), equations (A6) and (A7) can be written as
Because b ¼ À 0 > 0 and 0 > 0, except on the disk surface, b 1 > 0. Thus, the condition on the denominators, Á 00 ¼ ÁF 0 ¼ 0, for a critical point reduces to
where equation (A10) was used to write a 1 ¼ 2 =b. This condition can be written as
Since we consider > 1, all the terms are positive and the critical point can only be located at the disk surface where ¼ 0, if 0 ¼ 0. At the disk surface, the condition for a critical point, equation (A10) implies that
i.e., theẑ velocity at the disk surface is the sonic speed (see eq.
[10]). Applying L'Hopital's rule and assuming F 0 ( 0 ; 0) 6 ¼ 0, one obtains
i.e., the velocity derivative at the disk surface has an imaginary value. Therefore, the mass injection at the disk surface cannot be sonic (the ionization front cannot be D type) and no critical points are allowed in the parametric equations.
